Human immunodeficiency virus type 1 (HIV-1) encodes a 160-kDa envelope glycoprotein (gp160) precursor, which is proteolytically cleaved into the exterior (gp120) and transmembrane (gp41) glycoproteins (1, 21, 34) . The gp120 glycoprotein remains associated with the mature envelope glycoprotein complex through a noncovalent interaction with the gp41 ectodomain (44) . The HIV-1 envelope glycoprotein complex consists of three gp120 and three gp41 subunits and is anchored in the viral or infected cell membrane by the gp41 transmembrane region (22, 29, 33, 44) . As the sole HIV-1 components exposed on the virion surface, the envelope glycoproteins represent the only realistic viral target for vaccineinduced neutralizing antibody responses. Monomeric HIV-1 gp120 and derivatives were initially considered to be principal vaccine candidates. However, HIV-1 gp120 has repeatedly proven to be an ineffective immunogen in eliciting neutralizing antibodies against clinical HIV-1 isolates (4, 5, 7, 12, 30, 43, 47) . Few of the antibodies raised by gp120 monomers effectively bind assembled HIV-1 envelope glycoprotein trimers (36, 37) . Therefore, in an attempt to better elicit such antibodies, candidate HIV-1 envelope glycoproteins that mimic the functional trimer have been sought. Initial efforts to express HIV-1 glycoprotein oligomers disrupted the proteolytic cleavage site between gp120 and gp41 and deleted the transmembrane region and intracytoplasmic tail of gp41 (6, 19, 20, 42) . The resulting soluble gp140 products do form oligomers. However, such oligomers are invariably quite heterogeneous and are composed of dimers and other higher-order forms. Studies have shown that these soluble gp140 "oligomers" do not exhibit improved immunogenicity compared with that of the gp120 monomer. Efforts to prepare more homogeneous oligomers from these mixtures by biophysical and biochemical means have produced only limited improvements in the immunogenicity of these proteins (3) . Moreover, the inefficiency of such approaches largely precludes their practical use. Fusing a GCN4 trimeric motif to the C-terminal end of the gp41 ectodomain, along with disruption of the proteolytic cleavage site between gp120 and gp41, can promote the production of stable, soluble gp140 trimers that appear to be homogeneous (48, 49) . Our previous results have shown that these trimers exhibit an antigenic profile similar to that expected of the HIV-1 envelope glycoprotein spike. The GCN4-stabilized HIV-1 envelope glycoprotein trimers elicited neutralizing antibodies more effectively than gp120 monomers (50) .
During virus attachment to the target cell, gp120 interacts sequentially with the host cell receptors, CD4, and the chemokine receptors (2, 11, 13, 14, 16, 17, 28, 31, 41) . Receptor binding is thought to trigger conformational changes in the envelope glycoprotein complex that eventually promote the fusion of the viral and target cell membranes by the gp41 glycoprotein. The N terminus of gp41 contains a hydrophobic "fusion peptide," which is thought to insert into the target cell membrane, and an N36 region, which can form a trimeric coiled coil (9, 10, 25, 31, 39, 45) . Structures of gp41 ectodomain segments indicate that a gp41 region (designated C34) near the viral membrane-spanning domain can form a helix that packs into the grooves of the N36 coiled coil (10, 39, 45) . The formation of this six-helix bundle ("the fusion-active conformation") is believed to provide the energy necessary to approximate the viral and target cell membranes. The ability of C34 peptides to block HIV-1 envelope glycoprotein-mediated fusion suggests that, in the prefusogenic envelope glycoprotein complex, gp41 exists in a conformation other than that of the six-helix bundle (23, 27, 46) . Structural details of this prefusogenic conformation are lacking. The utility of soluble, stabilized gp140 trimers in investigating structural, biochemical, and immunological features of the functional HIV-1 envelope glycoprotein complexes is dependent upon the degree to which they accurately resemble the prefusogenic entity or entities.
Previously, because our studies were limited to soluble gp140 trimers stabilized by the trimeric GCN4 motif, the effect of the C-terminal GCN4 sequences on the conformation of the envelope glycoprotein portions of the construct could not be readily assessed. Since membrane fusion-related conformational transitions in the gp41 ectodomain may involve the formation of new helical structures (26, 45) , we were concerned about the possibility that the GCN4 coiled coil might drive the formation of helices in the adjacent gp41 segments, thereby promoting fusion-active conformations in these soluble trimers. The fibritin carboxy-terminal domain assumes a globular configuration and is able to promote the trimerization of heterologous proteins (24, 40) . Moreover, the hydrophilic surface of the fibritin C-terminal trimer should improve the solubility characteristics of the gp140(Ϫ/GCN4) trimers, which exhibit some aggregation at high concentrations (40) . Here we fused the carboxy-terminal domain of T4 bacteriophage fibritin to the C terminus of the cleavage-defective gp140 envelope ectodomains, by using a design analogous to that used to engineer the gp140(Ϫ/GCN4) trimers. We compared the antigenic and biochemical properties of the GCN4-and fibritinstabilized trimers, hoping to gain insights into the properties of the soluble gp140 trimers that are intrinsic to the HIV-1 glycoprotein components of the engineered constructs.
Stabilization of soluble HIV-1 gp120 glycoproteins by fusion with the fibritin trimeric motif. All of the soluble gp140 glycoproteins used in this study were derived from the YU2 primary R5 HIV-1 isolate, consist of the complete gp120 and gp41 ectodomains, and contain alterations in the gp120/gp41 proteolytic cleavage site (arginines 508 and 511 to serines) (Fig. 1A) . The gp140(Ϫ) glycoprotein has been shown to form only a small proportion of relatively unstable oligomers, most of which are dimers (20) . In contrast, the gp140⌬683(Ϫ/GCN4) glycoprotein is almost exclusively trimeric (49) . To compare the properties of GCN4-stabilized gp140 trimers with those of gp140 stabilized by another means, we employed a trimerization domain from the C terminus of bacteriophage T4 fibritin. In the gp140⌬683(Ϫ/FT) construct, the fibritin motif (GYIPEAPRDGQAYVRKDG EWVLLSTFL) replaces the trimeric GCN4 motif in the gp140⌬683(Ϫ/GCN4) protein. HIV-1 envelope glycoprotein genes were cloned into the pSVIIIenv expression vector (38) , and the open reading frames encoding HIV-1 envelope proteins were sequenced to verify the presence of the designed changes and the absence of unintended mutations.
Although large quantities of the purified soluble gp140 glycoproteins were not yet available, sufficient amounts of protein for analysis were produced by transient expression in 293T cells. The soluble gp140 glycoproteins, as well as a control gp120 glycoprotein, were expressed in 293T cells as described in a previous report (48) . After cotransfection with the pSVIIIenv expression vector and an HIV-1 Tat expression plasmid, 293T cells were labeled with [ 35 S]cysteine-methionine for ca. 24 h, and the radiolabeled proteins were precipitated from cell supernatants by pooled sera from HIV-1-infected individuals. After the precipitates were boiled in Laemmli sample buffer, the proteins were analyzed under nonreducing conditions by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1B, left panel) . Compared to the gp120 and gp140(Ϫ) glycoproteins, which migrated as monomers under these conditions, monomeric, dimeric, and trimeric forms of the gp140⌬683(Ϫ/GCN4) glycoprotein were evident, as expected (49) . Gel-stable oligomers of the gp140⌬683(Ϫ/ GCN4) glycoprotein have been shown by cross-linking, sucrose density gradient analysis, and molecular exclusion chromatography to be trimers (49) . With the use of the migration of the previously characterized gp120, gp140(Ϫ) and gp140⌬683(Ϫ/ GCN4) proteins as benchmarks, the gp140⌬683(Ϫ/FT) protein appeared as trimers, dimers, and monomers under these conditions. The gp140⌬683(Ϫ/FT) trimer was more abundant than that of the gp140⌬683(Ϫ/GCN4) protein. An additional band of ca. 120 kDa, which comigrated with monomeric gp120 and therefore likely represents a product of proteolytic cleavage at a point close to the original gp120/gp41 cleavage site, was evident in the gp140⌬683(Ϫ/FT) lane. The appearance of a gp120 form in a construct containing a modification of the primary proteolytic cleavage site between gp120 and gp41 is not uncommon, as less efficiently utilized secondary cleavage sites immediately N terminal to the primary site have been documented (18, 32) . As expected (48) , no higher-order forms of this gp120 product were apparent.
The precipitates were also boiled under reducing conditions (2% ␤-mercaptoethanol) and analyzed (Fig. 1B, right panel) . The gp140⌬683(Ϫ/GCN4) and gp140⌬683(Ϫ/FT) glycoproteins migrated as monomeric proteins under these conditions. A major band corresponding to the unprocessed protein and a minor, faster-migrating 120-kDa band were seen for the gp140⌬683(Ϫ/FT) construct.
The gp120 and soluble gp140 glycoproteins were analyzed by sucrose density gradient centrifugation. The gp120 glycoprotein sedimented primarily in fractions 6 and 7, whereas the gp140⌬683(Ϫ/GCN4) glycoprotein appeared predominantly in fractions 3 and 4 ( Fig. 1C) . The uncleaved form of the gp140⌬683(Ϫ/FT) glycoprotein also sedimented primarily in fractions 3 and 4. The small amount of proteolytically processed gp140⌬683(Ϫ/FT) protein migrated in fractions 6 and 7, equivalent to the gp120 monomer. It is noteworthy that little or no uncleaved gp140⌬683(Ϫ/FT) protein sedimented in fractions 6 and 7, where previous studies indicated that uncleaved 35 S]methionine-cysteine for ca. 24 h in 5 ml of labeling medium and then precipitated from 500 l of the radiolabeled culture medium with 3 l of pooled sera from HIV-1-infected individuals and 50 l of protein A-Sepharose (Pharmacia) at room temperature for 3 h. After three washes with 0.5 M NaCl-PBS, the immunoprecipitated proteins were resolved on an SDS-7.5% polyacrylamide gel after being boiled in sample buffer without ␤-ME (left panel) or with 2% ␤-ME (right panel). The positions of the molecular weight markers are shown on the left, and the positions of the trimeric and monomeric HIV-1 glycoproteins were deduced by comparison with previously characterized oligomers (48) (49) (50) . (C) The 35 S-labeled glycoproteins prepared as in panel B were concentrated two-to fivefold by using a Centriprep-30 filter (Amicon). Approximately 750 l of the concentrated sample was loaded onto a 10 to 25% continuous sucrose gradient, which was centrifuged in a Beckman SW41 rotor at 40,000 rpm for 20 h at 4°C. Ten 1.1-ml fractions were collected manually from the bottom of the gradient, and the glycoproteins were immunoprecipitated by pooled sera from HIV-1-infected individuals. The precipitates were resolved on an SDS-7.5% polyacrylamide gel after being boiled in sample buffer containing 2% ␤-ME. soluble gp140 monomers are expected to migrate (49) . This suggests that, once one subunit of the trimer is cleaved, the other subunits are also efficiently cleaved. As has been previously observed for HIV-1 and simian immunodeficiency virus (SIV) soluble gp140 envelope glycoproteins, proteolytically processed molecules do not remain associated in stable trimers (49) . This point is underscored by our studies of the gp140⌬683(FT) construct, which is identical to the gp140⌬683(Ϫ/FT) glycoprotein except that the gp120/gp41 proteolytic cleavage site is wild type in sequence. The gp140⌬683(FT) glycoprotein was efficiently processed and secreted and behaved similarly to a gp120 monomer on sucrose density gradients and nonreducing SDS-polyacrylamide gels (data not shown). Apparently, the lability of the gp120-gp41 associations in the soluble trimers leads to the dissolution of these complexes once proteolytic cleavage occurs; this lability may also underlie the tendency to "shed" gp120 subunits from the mature HIV-1 envelope glycoprotein spikes.
Chemical and thermal stability of soluble envelope glycoprotein trimers. The relative amounts of the trimeric and monomeric forms of the soluble gp140 glycoproteins observed in Fig.  1B suggested that the gp140⌬683(Ϫ/FT) trimer might be more stable than the gp140⌬683(Ϫ/GCN4) trimer. To examine this point further, the gp140⌬683(Ϫ/GCN4) and gp140⌬683(Ϫ/FT) glycoproteins were eluted from immunoprecipitates into 1ϫ Laemmli buffer at 37°C for 30 min in the presence of differing concentrations of ␤-mercaptoethanol. The eluted proteins were analyzed on an SDS-polyacrylamide gel (Fig. 2) . At 37°C, almost all of the uncleaved gp140⌬683(Ϫ/FT) glycoprotein migrated as expected for a trimer, even in ␤-mercaptoethanol concentrations up to 2%. In contrast, the gp140⌬683(Ϫ/GCN4) glycoprotein was only partially trimeric in the absence of ␤-mercaptoethanol and   FIG. 2 . Resistance of the stabilized HIV-1 envelope glycoprotein trimers to reducing conditions. Radiolabeled envelope glycoproteins in the supernatants of transfected 293T cells were immunoprecipitated as in Fig. 1B . After the 0.5 M NaCl-PBS washes, the protein-bead complexes were thoroughly desiccated and then incubated with 50 l of 1ϫ Laemmli buffer with the designated concentrations of ␤-ME for 30 min at 37°C to elute the bound envelope proteins. The eluted proteins were then resolved on a SDS-7.5% polyacrylamide gel (Ready-Gel; BioRad).
FIG. 3. Thermal resistance of trimeric HIV-1 envelope glycoproteins. A 5-ml aliquot of the 35 S-labeled HIV-1 envelope glycoproteins was precipitated with 20 l of pooled sera from HIV-1-infected individuals and 200 l of protein A-Sepharose for 16 h at 4°C. After three washes with 2 ml of 0.5 M NaCl-PBS, the beads were desiccated thoroughly by using an aspirator. The beads were then incubated with 500 l of 1ϫ Laemmli buffer without ␤-ME for 30 min at 37°C with shaking to elute the immunoprecipitated HIV-1 envelope glycoproteins. The supernatants containing the eluted proteins were harvested after centrifugation at room temperature for 5 min at 14,000 rpm by using a microcentrifuge, divided into 15 30-l aliquots in PCR tubes (Fisher Brand), and kept in a 37°C water bath. The samples were then incubated for 30 min in PCR thermal cyclers (GeneAmp 2400; Perkin-Elmer) prewarmed to the designated temperatures for 30 min in groups of five, and the tubes were immediately returned to the 37°C water bath until SDS-PAGE analysis. After all 15 tubes were treated as described above, 15 l of each sample was analyzed on an SDS-polyacrylamide gel (Ready-Gel; Gibco/Life Technologies). The ⌬528 glycoprotein was analyzed on an SDS-15% polyacrylamide gel, whereas the gp140⌬683(Ϫ/FT) and gp140⌬683(Ϫ/GCN4) glycoproteins were resolved on SDS-5% polyacrylamide gels. After processing of the gels and autoradiography, the bands corresponding to trimeric and monomeric gp140 of each sample were quantified by using a Storm PhosphorImager (Molecular Dynamics). The percentage of the total monomer and trimer that was represented by the trimer in each sample was calculated and is presented. The results shown are representative of those obtained in four experiments with the gp140⌬683(Ϫ/FT) protein and three experiments with the gp140⌬683(Ϫ/GCN4) and ⌬528 proteins. The multiple experiments yielded almost identical melting curves for each of the three proteins. was fully reduced to the monomeric form in the presence of 1% ␤-mercaptoethanol. These results suggest that, under the conditions examined, the gp140⌬683(Ϫ/FT) trimers are more stable than the gp140⌬683(Ϫ/GCN4) trimers. We took advantage of the stable association of the soluble gp140 trimers at 37°C in the absence of ␤-mercaptoethanol to evaluate the effects of temperature on the integrity of gelstable trimers. The gp140⌬683(Ϫ/GCN4), gp140⌬683(Ϫ/FT), and ⌬528 proteins were compared. The ⌬528 glycoprotein contains amino acid residues 528 to 679 of the HXBc2 HIV-1 glycoprotein and thus includes most of the gp41 ectodomain (49) . The ⌬528 glycoprotein forms six-helix bundles that mimic the fusion-active conformation of gp41 and that are extremely resistant to heat and denaturing agents. The ⌬528 protein was included to gauge the behavior of authentic six-helix bundles of gp41 in our experimental system. Radiolabeled proteins were immunoprecipitated and eluted into 1ϫ Laemmli buffer without ␤-mercaptoethanol at 37°C. The protein samples were incubated at increasing temperatures for 30 min before being resolved on SDS-polyacrylamide gels. The trimeric and monomeric forms of each protein were quantitated, and the percentage of gel-stable trimers in each sample at a given temperature of incubation was calculated (Fig. 3) . Approximately 73% of the ⌬528 protein remained trimeric at 37°C under these experimental conditions, and half of these trimers could withstand temperatures of 97°C. Although our experimental conditions differ from those employed by others studying HIV-1 or SIV gp41 six-helix bundles, the level of thermal resistance that we observed is consistent with the melting temperatures of ca. 86°C reported for these structures (29) . The melting curve for the gp140⌬683(Ϫ/FT) glycoprotein was biphasic. At 37°C, under our experimental conditions, 83% of the gp140⌬683(Ϫ/ FT) glycoprotein was trimeric, and this value was reduced by half at temperatures near 50°C. An inflection in the curve was consistently observed in the temperature range of 52 to 58°C, and trimers present in the higher temperature ranges exhibited a melting temperature of 87°C. The gp140⌬683(Ϫ/GCN4) protein exhibited only 40% trimers at 37°C, and these further disassociated into monomers at increasing temperatures. The melting curve for the gp140⌬683(Ϫ/GCN4) protein also exhibited an inflection in the 50 to 60°C temperature range but did not appear to be biphasic. These results suggest that, at temperatures up to 50°C, a significant portion of the gp140⌬683(Ϫ/FT) and gp140⌬683(Ϫ/GCN4) trimers are less stable than six-helix bundles and probably assume conformations distinct from that of the fusion-active form.
CD4 and CCR5 binding by the gp140(؊/FT) trimers. HIV-1 attaches to target cells through the interaction between the gp120 glycoprotein and the cellular CD4 receptor (13, 28, 31) . CD4 binding induces structural changes in gp120 that allow binding to the chemokine receptor, normally CCR5 or CXCR4 (2, 11, 14, 16, 17, 41) . Previously, we showed that the gp140⌬683(Ϫ/GCN4) protein could bind to soluble CD4 and cell surface CCR5, albeit at a reduced level relative to monomeric gp120 (49) . Similar experiments were performed to evaluate the ability of the gp140⌬683(Ϫ/FT) trimers to bind CD4 and CCR5. Four-milliliter volumes of radiolabeled cell supernatants containing the gp140⌬683(Ϫ/FT) and gp140⌬683(Ϫ/GCN4) proteins were concentrated ϳ10-fold with Centriprep-30 concentrations (Amicon). The concentrated envelope glycoproteins were then incubated with 1 g of soluble CD4 and 3 ϫ 10 6 Cf2ThsynCCR5 cells, which express human CCR5 (31), at room temperature for 1 h. After three washes with phosphate-buffered saline (PBS), the cells were lysed, and the bound, 35 S-labeled envelope proteins were detected by immunoprecipitation with pooled sera from HIV-1-infected individuals. The gp140⌬683(Ϫ/FT) and gp140⌬683(Ϫ/ FT) trimers bound to the Cf2ThsynCCR5 cells at similar levels, which were slightly reduced compared with that of monomeric gp120 (Fig. 4, middle panel) . Similar levels of all three envelope proteins were used in the binding assay, based upon the precipitation of radiolabeled proteins from the unconcentrated cell supernatants by a mixture of sera from HIV-1-infected individuals (Fig. 4, left panel) .
Antigenicity of the gp120 subunits of the gp140⌬683(؊/FT) trimers. Previous studies (49) showed that the epitopes for virusneutralizing antibodies are well exposed on the gp140⌬683(Ϫ/ GCN4) trimers, whereas the epitopes for antibodies with little or no neutralizing ability are less accessible. In contrast, both neutralizing and nonneutralizing antibody epitopes on gp120 and gp140(Ϫ) monomers are well exposed. The antigenic differences between soluble trimers and monomers are most evident in an assay in which both radiolabeled proteins are incubated with an antibody and the ratio of precipitated proteins is compared .   FIG. 4 . Recognition of the gp140 trimers by CD4 and CCR5 and by the NC-1 monoclonal antibody. The 35 S-labeled envelope glycoproteins in cell supernatants were concentrated 10-fold by using a Centriprep-30 filter and kept on ice. Cf2ThsynCCR5 cells, which stably express high levels of human CCR5 (31), were harvested by treatment with 10 mM EDTA-PBS for 5 min at room temperature. After one wash with PBS, the cells were resuspended in PBS, divided into aliquots in microtubes containing ca. 3 ϫ 10 6 cells in 400 l, and incubated with 1 g of soluble CD4 and 400 l of the concentrated envelope glycoproteins for 1 h at room temperature. The cells were then washed with PBS three times and lysed with 1 ml of lysis buffer (0.5 M NaCl, 0.1% Triton X-100, 50 mM Tris-HCl [pH 7.5]) with 1ϫ protease inhibitors (Pharmacia) for 30 min at 4°C. The lysates were harvested after centrifugation at 14,000 rpm for 30 min at 4°C. The bound envelope proteins were precipitated for 16 h at 4°C from 400 l of the above lysates with 3 l of pooled sera from HIV-1-infected individuals and 50 l of protein A-Sepharose. After three washes with lysis buffer, the proteins were resolved on an SDS-7.5% polyacrylamide gel after boiling in 1ϫ Laemmli buffer with 2% ␤-ME (middle panel). In parallel with these studies, the unconcentrated cell supernatants containing the radiolabeled envelope glycoproteins were precipitated by a mixture of sera from HIV-1-infected individuals (left panel) or by the NC-1 monoclonal antibody (right panel).
These ratios are normalized to those seen with a polyclonal mixture of sera from HIV-1-infected individuals. The results of such a competition assay performed with the gp120 monomer and the gp140⌬683(Ϫ/FT) glycoprotein is shown in Fig. 5A . A striking result was the preferential recognition of the gp140⌬683(Ϫ/FT) glycoprotein by two monoclonal antibodies, immunoglobulin G1b12 and 2G12, that are among the small group of antibodies exhibiting potent neutralizing activity against primary HIV-1 isolates (8, 41a) . The relative recognition of the gp140⌬683(Ϫ/FT) glycoprotein by the F105, F91, 17b, 48d, and 39F antibodies was intermediate in the competition assay. These antibodies exhibit more typical levels of neutralizing potency and are only of limited efficacy in inhibiting many primary HIV-1 isolates (49). Relative to their ability to precipitate the monomeric gp120 glycoprotein, the nonneutralizing antibodies C11, A32, and 30D minimally recognized the gp140⌬683(Ϫ/FT) glycoprotein. In parallel experiments, the relative recognition of the gp140⌬683(Ϫ/GCN4) glycoprotein by this panel of monoclonal antibodies was similar to that seen for the gp140⌬683(Ϫ/FT) glycoprotein (Fig. 5B) . Thus, the ability of an antibody to neutralize HIV-1 is closely correlated with its affinity for the soluble trimeric glycoproteins relative to the affinity for the gp120 monomer.
Recognition of soluble trimers by the five-helix protein and by the NC-1 monoclonal antibody. The studies of thermal stability described above suggested that at least a portion of the gp140⌬683(Ϫ/GCN4) and gp140⌬683(Ϫ/FT) glycoproteins assumes a conformation distinct from that of a six-helix bundle. To investigate this further, we tested the ability of the five-helix protein to recognize these stabilized trimers and the gp140(Ϫ) glycoprotein. The five-helix protein consists of five of the helices (three N36 helices and two C34 helices) in the HIV-1 gp41 six-helix bundle; these five helices are joined by linker segments in the five-helix protein (35) . The five-helix protein interacts with the C34 region of the HIV-1 gp41 glycoprotein and thereby inhibits the function of the HIV-1 envelope glycoproteins but is not expected to interact with the fusion-active six-helix bundle. The His 6 -tagged five-helix polypeptide was expressed in bacteria by using an expression vector kindly provided by P. Kim at the Whitehead Institute, Massachusetts Institute of Technology. About 0.5 g of the five-helix protein in the bacterial lysates was bound to Ni-nitrilotriacetic acid (NTA) gel (Qiagen) through its His 6 tag at 4°C for 16 h. After being washed with lysis buffer, the protein-gel complexes were incubated with radiolabeled gp140(Ϫ), gp140⌬683(Ϫ/GCN4), and gp140⌬683(Ϫ/FT) glycoproteins in 293T cell supernatants at 37°C for 3 h. After five washes with lysis buffer containing 15 mM imidazole, the bound glycoproteins were boiled in 1ϫ Laemmli buffer with 2% ␤-mercaptoethanol (␤-ME) and resolved on an SDS-7.5% polyacrylamide gel. Figure 6 shows that all three soluble gp140 glycoproteins were recognized by the five-helix protein. Under identical conditions, a negative control protein, a His 6 -tagged HIV-1 Tat protein, did not precipitate any of the soluble gp140 glycoproteins (data not shown). FIG. 5 . Antibody recognition of stabilized gp140 trimers relative to that of gp120 monomers. The 35 S-labeled HIV-1 envelope glycoproteins in labeling media were first quantified by precipitation with 3 l of pooled sera from HIV-1-infected individuals, SDS-PAGE and analysis on a PhosphorImager (Molecular Dynamics). Equivalent amounts of gp120 and the stabilized gp140 trimers were mixed and precipitated either with 3 l of pooled sera from HIV-1-infected individuals (P.S.) or with 1 g of each of the indicated monoclonal antibodies for 3 h. The precipitated proteins were boiled in 1ϫ Laemmli buffer with 2% ␤-ME and resolved on an SDS-7.5% polyacrylamide gel. The ratio of gp140 to gp120 in each sample was quantified by using a Storm PhosphorImager. The value shown represents the gp140/gp120 ratio for each monoclonal antibody divided by the ratio obtained with the pooled sera. The NC-1 monoclonal antibody has been shown to be relatively specific for the six-helix bundle structure of HIV-1 gp41 (27) . In our previous studies, ca. 15% of the gp140⌬683(Ϫ/ GCN4) glycoprotein could bind to 1 g of the NC-1 monoclonal antibody in a standard immunoprecipitation assay performed at room temperature for 3 h. In such an assay, the gp140⌬683(Ϫ/FT) glycoproteins bound to the NC-1 antibody at a significantly reduced level compared with the gp140⌬683 (Ϫ/GCN4) trimer (Fig. 4, right panel) . This result is consistent with the above observation with the five-helix protein, suggesting that majority of the gp140⌬683(Ϫ/FT) glycoprotein is not in a conformation containing the six-helix bundle structure, i.e., the fusogenic conformation. Moreover, the lower level of NC-1 recognition of the gp140⌬683(Ϫ/FT) glycoprotein indicates that the gp140⌬683(Ϫ/FT) trimer is more homogeneous than the gp140⌬683(Ϫ/GCN4) glycoprotein.
The availability of soluble forms of the HIV-1 envelope glycoproteins that effectively mimic the conformation of these proteins on the virus or infected cell surface is critical for attempts to obtain detailed information on the structure and function of these key molecules. The multiple oligomeric forms and instability of soluble HIV-1 gp140 preparations have created challenges for their use as reagents and as immunogens. Removal of the gp120-gp41 proteolytic cleavage site is insufficient to address these problems (6, 19, 20, 42) ; however, considerable increases in homogeneity result from further addition of C-terminal GCN4 trimeric motifs (48) (49) (50) . The trimeric globular domain of bacteriophage fibritin conferred even greater stability to heat, reducing agents, and detergents, a finding consistent with the increased stability of fibritin compared with GCN4 in other contexts (24, 40) . The gp140⌬683(Ϫ/FT) glycoprotein exhibited greater homogeneity than the gp140⌬683(Ϫ/GCN4) trimer, as demonstrated by the reduced recognition by the NC-1 monoclonal antibody. Whether the hydrophilic surface of the fibritin trimeric motif will result in higher solubility and a lower tendency to aggregate during highlevel production and concentration has yet to be tested.
The utility of soluble HIV-1 envelope glycoprotein trimers is dependent upon the extent to which the envelope glycoprotein ectodomains assume native conformations and intersubunit associations. The antigenic similarities between the gp140⌬(Ϫ/ GCN4) and gp140⌬683(Ϫ/FT) glycoproteins suggest that the envelope glycoprotein ectodomains, rather than the appended trimeric motifs, dictate not only the folding of the proteins but also the orientation of the subunits within the soluble complex. Particularly reassuring was our observation that the potently neutralizing monoclonal antibodies immunoglobulin G1b12 and 2G12 exhibited a preference for binding the soluble gp140 trimers compared to the gp120 monomer. Less potently neutralizing antibodies demonstrated much less of a preference for trimer binding, and nonneutralizing antibodies bound monomeric gp120 significantly better than either of the soluble gp140 glycoprotein trimers. This finding is consistent with the expectation that the affinity of antibody binding to a structural mimic of the functional envelope glycoprotein complex should correlate with neutralization efficiency. These observed patterns of antibody recognition and the striking similarity between antigenic profiles of the gp140⌬(Ϫ/GCN4) and gp140⌬683(Ϫ/FT) trimers, in addition to the formation of intersubunit disulfide bonds in GCN4-stabilized soluble gp140 variants containing appropriately positioned cysteine substitutions (22, 49) , suggest that at least some of the interactions among the subunits of the soluble trimers resemble those on the native HIV-1 envelope glycoproteins.
There are thought to exist different conformational states of the native HIV-1 envelope glycoproteins depending upon whether receptor has been bound and the extent of progression along the pathway leading to membrane fusion (15) . Stabilization of trimeric forms of the envelope glycoproteins could potentially increase the opportunity for the formation of the energetically favored six-helix bundle that is thought to represent a fusogenic conformation (10, 29, 39, 45) . Our data suggest that at least some of the gp140⌬683(Ϫ/GCN4) and gp140⌬683(Ϫ/FT) glycoproteins exist in a conformation distinct from that of the six-helix bundle. The trimeric form of the ⌬528 glycoprotein has been shown to be recognized by antibodies, like NC-1, that are specific for the six-helix bundle (29, 49) ; consistent with this, the⌬528 glycoprotein demonstrated stability at temperatures up to 85 to 95°C in our assays. At lower temperatures, the interactions among the subunits of the six-helix bundle must be energetically more favorable than the potential interactions between the monomers and the medium FIG. 6 . Recognition of soluble gp140 glycoproteins by the five-helix protein. The plasmid expressing the His 6 -tagged five-helix protein was used to transform Escherichia coli BL21. One of the resulting colonies was inoculated into 50 ml of Luria-Bertani medium with 50 g of ampicillin/ml and cultured for 16 h at 37°C with shaking. The culture was then diluted in 500 ml of Luria-Bertani medium plus ampicillin and incubated for 3 h before 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to induce the expression of the five-helix protein. After 4 h, the bacteria were harvested and washed once with lysis buffer (50 mM Tris-HCl, pH 8.0; 120 mM NaCl; 0.5% NP-40; 5 mM dithiothreitol). The bacteria were lysed by 2 mg of lysozyme (Sigma)/ml in 10 ml of lysis buffer plus 1ϫ protease inhibitor cocktail (Pharmacia) and by five 1-min sonications at scale 9 by using a sonicator (Branson). The protein lysate was finally harvested after two centrifugations of 14,000 rpm for 15 min at 4°C and stored at Ϫ20°C. To perform the binding assay, 500 l of the above lysate, containing ϳ0.5 g of the five-helix protein (data not shown), was first incubated with 100 l of Ni-NTA gel (Qiagen) for 16 h at 4°C with shaking. After three washes with ice-cold lysis buffer, the protein-Ni-NTA complex was incubated with 500 l of the indicated 35 S-labeled HIV-1 envelope glycoproteins for 3 h at 37°C with shaking. The resulting gel complexes were then washed five times with the lysis buffer plus 15 mM imidazole. The samples were boiled in 1ϫ Laemmli buffer with 2% ␤-ME and resolved on an SDS-7.5% polyacrylamide gel. In parallel, the labeled HIV-1 envelope glycoproteins were precipitated by pooled sera (P.S.) from HIV-1-infected individuals.
components, which include SDS. In contrast, significant fractions of the gp140⌬683(Ϫ/GCN4) and gp140⌬683(Ϫ/FT) glycoproteins were monomers after heating to 50 to 55°C under these conditions. The ability of the five-helix protein to precipitate the gp140⌬683(Ϫ/GCN4) and gp140⌬683(Ϫ/FT) glycoproteins suggests that the N36-binding surface of the C34 helix is accessible on these proteins, further indicating that conformations other than a six-helix bundle are assumed by these molecules. The inflections and biphasic nature of the melting curves observed for the stabilized trimers hint that these glycoproteins may undergo transitions to alternative conformations or that heterogeneous forms of these proteins exist. We expect that some of the stabilized trimers resemble the uncleaved form of the gp160 envelope glycoprotein as it exists in the Golgi apparatus prior to proteolytic activation. Further studies need to be conducted to clarify the nature of the conformational state of the stabilized soluble envelope glycoprotein trimers and to assess their suitability for detailed structural investigation. An understanding of the structure of these trimeric molecules should assist optimization of their potential as immunogens.
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